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ABSTRACT
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Candidate for Degree of Master of Science
The Earth’s upper atmosphere is suffused by radiation caused primarily by a
bombardment of Cosmic Rays, as a result of which it is hazardous for human beings as
well as sensitive electronic equipment on board flight vehicles. A series of ground based
as well as airborne experiments were performed using Polylactic Acid (PLA),
Acrylonitrile-Butadiene-Styrene (ABS) and High Impact Polystyrene (HIPS), in order to
investigate the applicability of polymers that can meet today’s needs for lightweight,
multifunctional, and cost efficiency in radiation shielding of electronic equipment. It was
found that PLA at 8 mm thickness has an effectiveness of 66% against gamma radiation
(i.e., it blocked 66% of the gamma radiation). Therefore, it was decided to proceed with a
high altitude balloon experiment with an 8 mm thickness of PLA. The shield was
demonstrated to be reasonably effective in attenuating radiation from cosmic rays.
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CHAPTER I
INTRODUCTION
The upper reaches of the earth’s atmosphere and space beyond are suffused with
highly energetic subatomic particles, including electrons, protons, and atomic nuclei,
hurtling through space at velocities close to the speed of light. Traditionally known as
cosmic rays, they have been studied closely for nearly a century now, but their origin and
nature remain a mystery. More recently, however, evidence has emerged that they are
mostly of extra-solar origin and a bulk of these particles probably originated during
supernova explosions or at the core of active galactic nuclei [1]. Ultra-high energy
cosmic rays have been speculated to be of extragalactic origin, possibly formed during
the collapse of neutron stars, and a better understanding of their properties with the help
of the secondary radiation that they give rise to may possibly help develop a better
understanding of physics [2].
An important phenomenon that is associated with cosmic rays is that they usually
do not reach the ground, but they do smash gas atoms in the upper atmosphere. Highenergy protons collide in the upper atmosphere, giving rise to a cascade of secondary
showers comprising protons, neutrons, pi and mu mesons (pions and muons), electrons
and photons. The unstable pions quickly decay into muons and gamma ray pairs having a
broad energy spectrum. While gamma rays are produced by inelastic collisions with
atmospheric particles, cosmic rays also give rise to fast moving neutrons. Some of these
1

again give rise to gamma radiation through a neutron capture process while others lose
energy through successive collisions (a process called moderation) and approach thermal
equilibrium with the earth’s surface [3]. The showers are modelled theoretically using
Monte Carlo methods in which the random processes of particle production and transport
are simulated. Statistical averages of collision events describe aspects of the particle
population such as fluxes and currents and provide a detailed model of the intranuclear
cascade and subsequent interactions of particles within the surface and atmosphere. It is
evident that these processes give rise to large amounts of radiation in the upper reaches of
the atmosphere, and these radiation bands have indeed been detected using ground based
as well as airborne experiments and probes over a course of many decades.
One of the most well-known measurements of radiation in the upper atmosphere
was carried out during the 1930s by the German meteorologist Erich Regener and his
student Georg Pfotzer, who floated Geiger counters to altitudes of 20 km using weather
balloons, resulting in the generation of the so-called Pfotzer curve and the discovery of
the Pfotzer maximum, which is a layer of highly ionizing radiation occurring at
approximately 20 km above sea level. At the Pfotzer maximum, primary cosmic ray
particles cease to dominate and secondary particles and radiation effects begin to increase
[4]. In addition, this region is bombarded by soft and hard X-rays resulting from the
bremsstrahlung of low energy electrons, due to which commercial airlines usually fly
beneath the Pfotzer maximum layer. The presence of this high radiation layer has also led
to much research activity aimed at finding protective materials that are suitable for
human and electronic equipment shielding applications. One result of radiation exposure
on electronic devices is the photoelectric effect that releases free electrons that can
2

possibly change the electric potential in active regions of devices and provoke upsets
called Single Event Effects (SEEs). The ability to shield from the radiation in space is a
big challenge to mission success and is still a constraint to human spaceflight.
Traditionally, high density materials such as lead and aluminum have been used for this
purpose. More recently, lower cost, multifunctional, lightweight and easy to manufacture
materials such as PVC and other plastics are being investigated as effective radiation
shields. This thesis details the preparations and the results from ground based as well as
airborne experiments involving such a plastic-like material.
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CHAPTER II
REVIEW OF SPACE RADIATION ENVIRONMENT AND ITS EFFECT ON
ELECTRONIC DEVICES
2.1
2.1.1

Galactic Cosmic Rays Shower and Gamma Ray creation process
Galactic Cosmic Rays
The study of cosmic rays has a long and interesting history. They were first

studied by Victor Franz Hess in 1912 using an electroscope, which was an instrument
used commonly at the time for studying electric phenomena. Hess discovered that
electroscopes lost their charges faster when taken to higher altitudes compared to their
charge loss on the earth’s surface, and deduced correctly that there was an additional
radiation coming into the atmosphere from outer space. This radiation was later studied
through more advanced instruments such as Geiger counters and cloud chambers, and
many of their properties – including their extraterrestrial origin – became known widely.
It is now known that a portion of cosmic rays bombarding the earth are generated
through solar activities such as coronal mass ejections (large release of plasma and
magnetic field from the solar corona) and solar flares, but a majority of very high energy
rays are of extrasolar and even of extragalactic origins. Also referred to as galactic
cosmic rays, these consist primarily of protons with an average flux of about 4 protons
per cm2per s and with a wide distribution of energies up to many Giga electron Volts
(usually between 1010 and 1015 eV) [5]. Only rays with the energy level below a few 10s
4

of GeV are, however, significantly affected by the heliosphere (the region around the
solar system where the solar wind is influential) by their interaction with the
interplanetary magnetic field. If there were no magnetic field, GCR would pass through
the solar system without hindrance. The particles that constitute cosmic rays actually
encompass most of the periodic table. Approximately 89% are hydrogen nuclei or
protons, ~10% are helium nuclei and the remaining ~1% are the heavier elements.
Although the relative abundance of carbon, oxygen, magnesium and other heavy
elements in cosmic rays closely match that in the solar system, there are also variations in
elemental and isotopic composition that may afford clues to the nature and origin of
GCRs. The directions of cosmic rays in the Galaxy is randomized because they are
electrically charged, which results in their deflection by magnetic fields. However, the
electromagnetic radiation they produce can be used to trace cosmic rays in other parts of
the galaxy. Most of the cosmic rays that reach the upper atmosphere of the earth are
muons with an approximate intensity of 100 m-2 s-1; although a large number of them
stream through the human body each day, the resulting radiation levels are very low,
corresponding, at sea level, to only a few percent of natural background radiation. At
higher altitudes, however, the radiation from cosmic rays is much more intense. This
poses hazards not only to astronauts, mainly when the sun is active, but also to sensitive
electronic equipment in space because the bombardment from ionizing nuclei may cause
instrument failure [6].
The interactions of cosmic rays with particles in the earth’s atmosphere and the
production of secondary cascades are of special interest to physicists, meteorologists,
archaeologists and scientists from many other disciplines. Primary cosmic rays are mostly
5

protons, and when they enter the upper reaches of the atmosphere, they cause neutronproducing reactions through interactions with oxygen or nitrogen nuclei. The neutrons,
being chargeless, can penetrate much further into the lower layers where they further
react with the nuclei of nitrogen atoms in the atmosphere to produce 14C and a proton:
14
7𝑁

+ 10𝑛 →

14
6𝐶

+ 11𝐻

(2.1)

High-energy cosmic ray particles (referred to as galactic cosmic ray or GCR
protons) also generate pi mesons or pions. The charge carrying pions are highly unstable
and quickly decay to muons and neutrinos:

and

𝜋 + → 𝜇+ + 𝜈

(2.2)

𝜋 − → 𝜇− + 𝜈

(2.3)

The charge neutral pions yield photons (two gamma particles, 𝜋 0 → 𝛾 + 𝛾) which
give rise to further cascades of photons, positrons, electrons and protons. The specific
type of fragmentation depends on the energy of the colliding nucleons and proximity of
the reaction. The radiation in the upper layers, which also correspond to the Pfotzer
maximum, arises almost entirely due to the secondary cascade detailed above. As these
reactions begin to reach the denser parts of the atmosphere, more of the GCR protons and
secondary particles are stopped than are generated, which results in a decrease in cosmic
ray induced radiation as one travels towards the ground. Simulations reveal that the
Pfotzer maximum is associated with a peak total muon count for 100 GeV GCR protons
and also suggest that while lower energy GCR protons generate fewer muons, they are
statistically more prevalent and, therefore, produce most of the muonic component of the

6

Pfotzer maximum [7]. The generation of the secondary cascade by galactic cosmic rays is
shown in Figure 2.1 below.

Figure 2.1

2.1.2

Generation of air shower of particles and electromagnetic radiation by
GCR protons shown as function of altitude and depth of atmospheric layers
[7]

Cosmic Gamma Rays Creation Process
Pions are unstable particles that decay into two gamma rays. They are usually a

result of "particle-particle collision” which means a high-energy proton or cosmic ray
strikes another proton or atomic nucleus. Pion are usually moving at a high velocity,
because of their violent birth, and the gamma rays are projected forward in a slight "V"
formation (Figure 2.2). This process gives rise to gamma rays with a broad spectrum of
7

energies (> 72 mega-electron-volts, which is a measurement of the kinetic energy in the
incident particles) [8].

Figure 2.2

2.1.3

Particle-Particle Collision [8]

Latitude Effect on Cosmic Showers
Radiation originated by cosmic rays varies not only vertically, as discussed in the

previous sections, but also at different latitudes of the earth. It has been observed that
cosmic ray intensity is maximum at the geomagnetic poles while it steadily decreases as
the geomagnetic equator is reached. The intensity remains almost constant between the
latitudes of 42o and 90o. This variation is because of the influence that the earth’s
magnetic field has on incident cosmic radiation, which is otherwise homogenously
distributed outside the field’s sphere of influence (and outside the heliosphere). Since
cosmic rays are composed primarily of protons (almost 89%), which are charged
particles, they are significantly affected by interactions with the geomagnetic field
(Figure 2.3)

8

Figure 2.3

Latitude effect on cosmic rays intensity [9]

The earth’s magnetic field lines are directed from the south to the north, and at the
equatorial regions they are perpendicular to the direction of travel of the charged protons.
The force exerted on the incident particles is given by:
𝐹 = 𝑞𝑣𝐵𝑠𝑖𝑛(𝜃)

(2.4)

where B is the magnetic field strength, q is the particle charge, v is its propagation
velocity and θ is the magnetic latitude; the magnitude of F is maximum when θ = 90o. As
a result most of the incident GCR protons are deflected away by the field, and the
radiation intensity reaches its minimum. On the other hand, at the poles, the field lines are
aligned in line with the direction of propagation of the protons, so that larger proportions
of them can enter the earth’s atmosphere and generate secondary showers. It has been
found that, for a given latitude λ, there is a threshold or minimum momentum below
which particles cannot reach the earth. The complex interactions of cosmic ray
trajectories with the earth’s magnetic field gives rise to a region consisting of alternating
allowed and forbidden trajectory bands, and the resulting geomagnetic field effects are
measured in terms of a property called vertical cutoff rigidity (RC). The cut off rigidity is
defined as the minimum rigidity or momentum per unit charge, usually measured in GV
(Giga Volt), which an incident primary cosmic ray particle has to possess and still be able
9

to interact with the atmosphere at a given location [10]. It has been observed that values
of RC vary from 0 GV at the poles to 15 GV near the equator [11].
A number of factors affect the spatial and temporal distribution of radiation
originated by cosmic rays in the earth’s atmosphere, making it imperative to conduct
repeated measurements of cosmic rays at various locations. The Earth to Sky Calculus
project has begun making such measurements using “space weather balloons”, and their
measurements over California indicate an increasing intensity of radiation that is possibly
related to changes in the solar sunspot cycle [12]. As the cycle enters a “solar minimum”
period, the solar magnetic shield also weakens and this leads to an increase in the
intensity of cosmic radiation incident on earth. This has been validated by students of the
Calculus project by launching four balloons from widely separated locations and then
measuring radiation levels at different altitudes. The resulting graph is shown in Figure
2.4 below.

10

Figure 2.4

Measurement of cosmic radiation at different altitudes at four locations, the
magnetic latitudes of which are indicated within parentheses [12]

It can be observed from the above figure that radiation intensity decreases almost
by half as one moves from higher latitudes towards the equators (from Washington to
Chile).
2.2
2.2.1

Space Radiation Environment Effects on Electronics
Single Event Effects/Upsets
A single event effect (SEE), as the name suggests, is a type of radiation effect that

is created when a high energy single particle impacts a device. This results in the
generation of an electron-hole pair within a semiconductor, with the pair travelling along
an ionized trajectory that follows the initial particle trajectory. Such events can be
classified into burnouts (SEB), in which case the device is completely destroyed by a
11

large current; latchup (SEL), in which the logic state is altered in such a manner that the
device cannot be restored to its earlier state anymore; and upsets (SEU), in which there is
a transient undesirable change in the logic state of the device and the device can be
restored to its earlier state [13].
The events began to be seriously studied from the decade of the 1980s. While
SEU occurrence and impact on aircraft functioning were discussed anecdotally for many
years, it was in 1988 that SEUs were measured in a number of static random access
memory (SRAM) modules flown as part of proprietary electronic devices on board three
different aircraft by IBM (International Business Machines Co). Another study,
conducted a year later by IBM and Boeing, recorded additional SEUs and demonstrated
that anomalous events on aircraft avionics were real. Perhaps more importantly, these two
studies also showed that the rates of such in-flight rates were correlated with neutron
fluxes measured in the atmosphere, and that the SEU occurrence rate could be estimated
using laboratory SEU data [14]. One of the earliest design changes that resulted from this
discovery was the introduction of error detection and correction (EDAC) in static and
dynamic RAM modules, which is now a standard in military as well as commercial
avionics for mitigating soft SEEs [15].
The avionics industry began to feel the need for a better understanding and
possible precautions against SEEs as high altitude vehicles, such as aircraft, and weather
balloons began to use more and more integrated circuits that were ever more
miniaturized, sensitive and specialized. As a result, the International Electro-technical
Commission (IEC) committee was created in 2000 and it came up with a specification to
manage electronic components by way of assessment of atmospheric radiation effects on
12

electronics. Taking into account the occurrence of the Pfotzer maximum layer at an
altitude of approximately 60000 feet (~18 km), radiation profiles, or graphs, for 1-10
MeV secondary neutrons were created [14].

Figure 2.5

Secondary neutrons flux for 1-10 MeV [14]

It was possible to determine the flux under different flight conditions from a
nominal flux of secondary neutrons by scaling the flux values from the graphs.
The IEC specified a nominal figure of 6000 neutrons cm-2 hr-1for the higher energy (> 10
MeV) secondary neutrons at an altitude of approximately 12 km and latitude of 45oduring
periods of low solar activity [16]. Flux levels at other locations are calculated by scaling
the nominal figure to other altitudes and latitudes.
The principal effect of atmospheric radiation on modern semiconductor
components constitute SEE events. When a single secondary high-energy atmospheric
13

neutron collides with a nucleus in the semiconductor, which is typically made of silicon,
the resulting charged recoil nucleus and other products create ionization charge that may
be sufficient to cause an electronic effect in the semiconductor device. A SEE occurs
when there is sufficient charge collected from this collision process to exceed the critical
charge necessary to cause a state change or damage in the component. Although most of
these are soft errors that are classified as SEUs, some may be hard errors, as discussed
earlier. It should be noted that, in the case of a SEU occurrence, ionization is not directly
generated because the secondary neutron is chargeless. Instead, the neutron collides with
a silicon atom in the electronic device, transfers its momentum, and the recoiling charged
ion generates ionization, as shown in Figure 2.6:

Figure 2.6

The effect of a secondary neutron colliding with a silicon atom in a
semiconductor [15]
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The probability of occurrence of soft errors or SEUs has increased because of the
increasing density of individual components on a chip that have very small geometric
features. This reduces critical charge, which can be exceeded by the ionization generated
by atmospheric neutron interactions – resulting in SEUs. These errors result in bit flips
within the device resulting in unscheduled logic state changes, from which the usual
recovery method is a restart or re-initialization. As discussed earlier, static and dynamic
RAM modules are affected most often, although field programmable gate arrays (FPGAs)
and microprocessors are also affected especially if they do not deploy additional Bits
(Hamming code) to detect that an error has occurred and then to correct the flipped bit.
Another reason that these devices have become increasingly susceptible to SEUs is that
the system power supply voltage is reduced from 5 V (widely used earlier) to 3.5 V,
because such reduction creates a lower noise margin and increases SEU occurrence
potential. In order to mitigate the effects of such occurrences, manufacturers of electronic
devices quantify the SEE rate of a line replaceable unit (LRU) by calculating the
combined SEE rate of all of the devices that are used in the LRU. The SEE rate of a
device for an effect is calculated as:
𝑆𝐸𝐸 𝑟𝑎𝑡𝑒 = 𝑛𝑒𝑢𝑡𝑟𝑜𝑛 𝑓𝑙𝑢𝑥 × 𝑆𝐸𝐸 𝑐𝑟𝑜𝑠𝑠_𝑠𝑒𝑐𝑡𝑖𝑜𝑛

(2.5)

where the atmospheric neutron flux is measured in neutrons cm-2 hour-1 and the device
neutron cross-section in cm2, in which case the SEE rate is in events per hour [16]. One
of the methods employed for avoiding SEUs is fault avoidance, for example by reducing
cell bandwidth and using other hardening methods, but such solutions are often costly
and reduce system performance.

15

However, radiation hardness design techniques enable system designers to use
shielding as the last resort when the circuit redesign is not possible, radiation hardened
parts are not available, or the radiation design margin is at its limit. Space systems
present the greatest obstacles for shielding, because weight is critical, there is no
available maintenance to replace failed systems, and size and limitations are essential. It
is important to note that at this time there is no practical method to completely shield
systems from gamma rays or neutrons due to the mass of shielding material that would be
required. To provide insight to the design of the shield configuration, radiation analysis
for shielding may include ground based testing experiments for different materials and
thicknesses.
Another key consideration is knowing what materials are located between the
radiation-sensitive circuits and the radiation environment. It may be possible to use these
materials as a part of the shielding. This approach can be combined with the possibility of
relocating the part, board, or assembly to another position of the spacecraft or aircraft. If
these evaluations fail to provide the required minimal radiation level, a determination
may be made to use local shielding for a sensitive part and its configuration. Or the
answer may be for a general mass shielding to be applied to the system or LRU [17].
There is no doubt that the increased complexity and sensitivity of a large number
of electronic devices that are being used in modern airlines and high altitude balloons
together with an increased number of their flights, have exponentially increased the
incidence of SEUs and other, more severe, radiation induced events. At the same time,
however, electronic component manufacturers are continuing the research into various
techniques to mitigate the effects of SEUs on flight avionics. The use of hardened
16

components as well as better design will most probably help high altitude flights avoid
serious consequences from such events. Figure 2.7 below shows the photos of damaged
cabin in the A330-303 Airbus due to the failure of the aircraft system to send data to the
aircraft control system, which resulted in the shaking of passengers towards the plane
ceiling.

Figure 2.7

Damages inside the cabin of the Airbus A330-303 in 2008 [18]
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CHAPTER III
EFFECTIVNESS OF RADIATION SHIELDING THROUGH GROUND BASED AND
AIRBORN EXPERIMENTS
The earth’s upper atmosphere is suffused by radiation caused primarily by a
bombardment of cosmic rays, as a result of which it is hazardous for human beings as
well as sensitive electronic equipment. This is especially true at the altitude that
corresponds to the Pfotzer maximum, and it is generally avoided by commercial airlines.
The maximum radiation layer, however, varies at different latitudes as well as over time,
which has made it imperative to develop effective shielding materials so that airlines can
be protected against high intensity radiation. Traditionally, high density and high Z
number (atomic number) materials such as lead and concrete have been used as radiation
shields, but these are bulky and cannot always be manufactured in desired shapes or
sizes. As a result researchers have conducted many experiments, both on ground and in
air (using aircraft and balloons), using traditional as well as novel materials.
One of the materials that is being considered is Kevlar, which belongs to the
family of aromatic polyamides. Lobascio et al. [19] conducted ground based tests using
this material and found that it can achieve a higher attenuation than comparable quantities
of aluminum. They also found that Kevlar could achieve somewhat better dose reduction
than aluminum or Nextel, another proprietary material, but that polyethylene performs
better than Kevlar under similar conditions. Some of the disadvantages of such materials
18

is that they are proprietary and costly to develop, which has led to the testing of other
plastic materials that are more commonly available or can be fabricated in the laboratory.
McCaffrey et al. [20] tested a variety of proprietary as well as non-proprietary materials,
including lead as well as other metals embedded in natural rubber and other polymers.
They observed that the shielding effectiveness of these materials was primarily
determined by their K absorption edges (where the K edge means the binding energy
corresponding to the K shell) with materials having higher K edge but similar atomic
numbers exhibiting better attenuating behavior. For example, the authors found that
Barium had a higher K edge than lead and was more effective than the latter in
attenuating radiation at energies above its K absorption edge of 37.4 keV.
Similar comparisons involving more lightweight materials composed from layers
of epoxy resin embedded with iron, lead or concrete showed that such composite
materials can be better shields against sustained gamma radiation than simple lead
material [21]. In addition,Nambiar, Osei and Yeow [22] observed that
polydimethylsiloxane (PDMS) nanocomposites incorporating bismuth oxide (BO)
nanopowder can be highly effective as X-ray shields while avoiding the toxicity and high
costs of lead. Similarly, an evaluation of the radiation shielding capabilities of different
materials by Emmanuel et al. [23] showed that low Z polymer materials such as
Polyethylene (PE) and epoxy present effective, low-cost options in proton dominant
radiation environments. Polymer nanocomposite materials are recently being used for a
variety of applications, and they have also been investigated as suitable candidates for
radiation shielding. Borjanivic et al. [24] prepared three different nano-impregnated
materials using a substrate of poly (dimethyl siloxane) or PDMS – detonation
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nanodiamond (DND), zinc oxide and single-walled carbon nanotubes (SWNTs). These
were irradiated using a 2 MeV proton beam having a fluence range 1013-1015 cm-2and it
was observed that the composite materials could withstand fluences at least twice those
of untreated PDMS. Results indicated that such nanocomposite materials exhibit a good
stability in high radiation environments.
The discussion so far indicates that effective gamma radiation shielding can be
developed using a variety of lightweight, more easily fabricated polymer based
substances that may or may not be embedded with high Z particles to improve their
capabilities. However, such materials have to be assessed not only at ground level but
also at elevation because the radiation environment encountered at the upper layers of the
atmosphere is highly variable and more challenging. Badavi, Adams and Wilson [25]
constructed spherical shells of generic polyethylene (PE) and carried out simulations in
an environment approximating galactic cosmic ray bombardment faced by high-altitude
balloons and satellites during solar minima and maxima. They observed that off-the-shelf
available, hydrogen rich multifunctional polymers such as PE foam core, epoxy resin
block and polyurethane carbon face sheet can be effective shielding agents if appropriate
thicknesses are used. Mukherjee et al [26] conducted a high altitude experiment involving
balloon borne radiation detection instruments. The payload consisted of digital sensors
and a dosimeter gamma ray dosimeter that were encased in a Styrofoam insulator. The
balloon reached an altitude of 30 km and the instruments recorded on a continuous basis.
The authors used a commercially available dosimetry package, the EPCARD.Net, to
observe that the Pfotzer maximum corresponded to approximately 25 km during the
balloon’s ascending phase. They also calculated the ambient dose equivalent contributed
20

by the individual components of cosmic radiation, such as protons, muons, pions and
others.
The radiation damage suffered by low density polyethylene (LDPE) films over a
period of 3 days was recorded by Kondyurin, Kondyurina and Bilek [27] using
stratospheric balloon flights at altitudes of up to 40 km. The authors ascertained levels of
radiation damage, oxidation and nitration to polymer samples of 0.05 mm thickness and
compared the results with samples stored on ground and exposed to plasma radiation in
the laboratory. The balloon flights occurred over Queensland, Australia and the cosmic
radiation intensity was measured using a Compton telescope during the duration of the
flight. The authors found that films exposed to stratospheric radiation and ground plasma
radiation were visually the same, but both films had higher levels of free radicals
compared to unexposed samples. In particular, larger proportions of PE macromolecules
were destroyed after being exposed to high altitude radiation (compared to ground
radiation exposure), so that the high altitude samples had higher numbers of unpaired
electrons after being bombarded by protons of kinetic energy levels 1-10 MeV or higher.
The films, however, underwent less amounts of oxidation and nitration due to the much
lower partial pressures of these gases at higher altitudes. Studies have shown that the
initial oxide growth rate on a substrate has a linear relationship with increase in partial
pressure [28].
From these experiments, it is evident that radiation damage should be an
important consideration while designing an effective polymer based shield. The ground
based and high altitude experiments discussed so far make it evident that there is ample
scope for considering plastic or polymer-based materials as suitable candidates for
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radiation shielding, especially when appropriate thicknesses are employed. The
advantages of such low Z materials compared to traditional materials such as lead,
concrete or aluminum are that they are far less bulky, and can be more easily fabricated
in custom shapes that are more suitable for protective small electronic equipment. The
potential reduction in weight would benefit satellites as well as airplanes, and more
experiments involving different plastic materials as radiations shields should be carried
out both on ground and at height.
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CHAPTER IV
THE IONIZING RADIATION AT THE PFOTZER MAXIMUM AND POLYMER
SHIELDING MATERIALS
4.1
4.1.1

Ground Experiment
Introduction
It is difficult to simulate and complex to describe the interaction of space particles

with airborne electronics and materials using ground-based test facilities. Furthermore, it
is impossible to fully specify the space radiation environment for a given mission because
of unknowns in mapping it and unknowns in the process that generates it. It is also a
challenge to completely assess the hazards at any altitude and latitude because the space
radiation environment changes with time, often in unpredictable ways.
The majority of the effects of radiation are known and can be experimented with
in flight experiments and in developed laboratories. However, it is critical to have the
ability to protect air vehicles from radiation to help reduce its risks. The shielding
material choice is a major part of the design. Figure 4.1 illustrates the basic radiation
shielding process.
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Figure 4.1

Basic radiation shielding process [29]

The focus of the proceeding experiment demonstrates the effectiveness of
different polymer like shielding materials and thicknesses. Among all the types of
radiation, this work involved gamma ray and neutron radiation.
4.1.2
4.1.2.1

Apparatus
Radiation Source
This experiment general idea is focused on finding the effectiveness of blocking

the ionizing radiation using different materials and thicknesses. The word ionizing refers
to the ability to ionize a molecule or an atom of the medium it traverses. Ionizing
radiation includes Gamma rays, X-rays and all the atomic and subatomic particles that are
available in the space environment such as neutrons, alpha particles, protons, heavy ions,
etc. The ionizing radiation can be generally classified into two principle types; one is
directly ionizing radiation, which includes radiations of energetic particles carrying an
electric charge like alpha particles, protons, beta particles and other recoil nuclei. They
cause ionization by direct action on electrons in atoms of the media through which they
pass. X-rays, neutrons and Gamma ray photons are classified as indirectly ionizing
24

radiation. These are not charged and they use a more complicated mechanism to cause
ionization, involving the emission of energetic secondary particles, which cause most of
the ionization [30]. Directly ionizing radiation is easily stopped because it interacts
strongly with shielding media. On the other hand, indirectly ionizing radiation may be
quite penetrating. Therefore, the shielding required may be expensive and quite massive
[30]. Figure 4.2 illustrates the interaction of ionizing radiation with matter.

Figure 4.2

Interaction of ionizing radiation with matter [31]

Initially, many different types of radiation sources were looked at. Alpha, gamma
and beta radiation sources are valid options that are prevalent in the space environment.
A gamma radiation source was the most plausible because of its higher energy and more
occurrences in the space environment. Additionally, in this experiment, attention was
given to indirect ionizing radiation. However, obtaining a gamma radiation source that
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could be used in ground based facilities at an affordable cost proved to be a challenge.
Another restriction was safety and ease of obtaining. Because of the long-term dangers of
radiation exposure, there are many restrictions on ordering and storing radiation on
campus. After some research, a radiation supplier was found.
The radiation source used was a series of radium-226 coated clock hands that
emits gamma radiation with a mean particle energy of 0.186 MeV.Ra-226 is a radioactive
substance found in nature. In1898, Pierre and Marie Curie discovered radium while
conducting research with uranium ore. The radioactive decay of uranium-238 enabled the
forming and production of Ra-226. Radioactive decay takes place because certain atoms
are unstable and need to release energy in an attempt to become stable. Energy is released
when Ra-226 decays in the form of rays (gamma rays) and particles. Our senses cannot
detect this energy (radiation) therefore special instrumentation such as Geiger Counters
(GCs) is required to perform such detection task.
4.1.2.2

The Geiger Counter
As mentioned earlier, Geiger Counters are used to measure the dosage of

radiation. The Geiger Counter used in this experiment is presented in Figure 4.3.
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Figure 4.3

Geiger Counter used in present experiment

The GC is powered through a USB cable that is connected to a power supply (the
switch must be in the ON position). A red light flashes during each bit generation (0 or
1). Each one represents an actual event in the tube in the real time, so the output can be
used to deduce the CPM (counts per minutes). A separate computer was programmed
using an Arduino board to read the input bit and turn it into an output of the total number
of counts in ~60000 milliseconds. An example of the background radiation counts in a
total time of ~ 6 min is presented in table 4.1.
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Table 4.1 Background radiation counts in a total time of ~ 6 min
Counts

Time interval (ms)

Total time elapsed (ms)

CPM

11

61214

78872

10.78

18

61233

145659

17.64

11

60978

212158

10.82

15

63706

297603

14.13

16

62942

362179

15.25

The Geiger tube comes with a red boot to protect the end window during
production, handling, and shipping. The boot is removedto detect alpha particles.
However, in this experiment, our concern is to see activity from gamma radiation.
Therefore, the boot was applied during the experiment.
4.1.2.3

Materials Choice
The first consideration in choosing a shielding material must be its effectiveness.

A shield is considered effective if it causes a large energy loss in a relatively small
penetration distance without emitting more hazardous radiation. Factors that may
influence the choice of shielding materials include weight of the material, cost of the
material, and how much space is available for the material. The interactions between the
incident radiation and the atoms of the absorbing medium determine the effectiveness of
the shield. These interactions depend mainly upon the energy of the radiation, the type of
the radiation and the atomic number of the absorbing medium. Figure 4.4 shows some
radiation shielding materials that are typically used.
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Figure 4.4

Typical radiation shielding materials [32]

Many different “plastic like” and carbon based materials have been tested for their
effectiveness in radiation shielding. The suitability of these different materials depends
not only on whether they are being tested for direct versus indirect radiation, but also on
the purpose of the shielding, its duration and the object to be shielded (for example a
human being, sensitive electronic equipment, or general equipment). Some properties that
may influence material selection in electronic equipment protection include the
effectiveness of attenuation (how much radiation it can block either by blocking it or by
bouncing the energetic particles through a barrier), material strength, resistance to
radiation and mechanical damage, and thermal properties [33].
Some of the advantages of using plastic-like materials and polymers in radiation
shielding of electronics include their high hydrogen atom content, low density compared
to metals such as lead and aluminum, and the fact that they are solids at room
temperature (water, which is also an effective shielding agent, is in liquid form). In
addition, polymer-embedded nanostructures are potentially useful for a number of
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technological applications, especially as advanced functional materials for high-energy
radiation shielding and as microwave absorbers. While major interaction processes of
these materials at low energies (< 1000 keV) are incoherent or Compton scattering,
coherent or Rayleigh scattering and atomic photoelectric effect absorption, the processes
at higher energy levels above 1000 keV include nuclear-field pair production and atomic
field triplet production [34]. The former group of effects are more important in this case
since, as discussed previously, gamma radiation with a mean particle energy of 0.186
MeV was used in this experiment.
The relative dominance of these effects is measured using the gamma-ray mass
attenuation coefficient of a material, with photoelectric effects dominating below 1 MeV,
Compton scattering at 1 MeV, and pair production above 1 MeV. It has been reported
that polyvinyl chloride (PVC) exhibits the highest mass attenuation coefficient value in
the energy range 10-110 keV, which is even higher than that of concrete, while another
plastic material, Radio Chromic Dye Film, exhibits superior attenuating (shielding)
behavior in the range 110-1400 keV [34]. Concrete, which is denser than most plastics,
has higher values of total linear attenuation coefficients in the range 10-1400 keV. In
comparison, aluminum is not as effective against gamma radiation as lead or concrete
[35]. The shielding effectiveness of all materials, however, depends on their densities. As
a result, the mass attenuation coefficient may be more important in deciding the shielding
effectiveness of a material, and this is the reason that plastic materials may be more
effective if adequate thickness is provided for protecting electronic components.
Another issue in assessing the effectiveness of plastic materials as radiation
shields is radiation-induced effects, since exposure to radiation causes deleterious effects
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on properties of many materials. For example, changes in the properties of steels and
other metals exposed to high-energy radiation include lower yield stress, tensile strength,
hardness, decreased ductility, and toughness. Radiation has similar detrimental effects on
the behavior of plastics. For example, both polyethylene (PE) and borated PE have been
observed to exhibit significant degradation in terms of thermal and mechanical stability
when exposed to continuous irradiation [36].
Three plastic materials were used in the present experiment: Polylactic Acid or
polylactide (PLA), Acrylonitrile-Butadiene-Styrene (ABS) and High Impact Polystyrene
(HIPS). PLA is a thermoplastic polymer (can be heated to their melting point, cooled, and
re-heated again without significant degradation) derived from renewable resource
(bioplastic), as opposed to traditional plastics which are derived from the distillation and
polymerization of nonrenewable petroleum reserves. The material has several different
types including PLLA, PDLLA and PDLA, each has slightly different characteristics.
PLA has similar characteristics to polyethylene (PE) and polypropylene (PP). The
material production fulfills the dream of cost-efficient as it can be produced from already
existing manufacturing equipment like those designed and originally used for
petrochemical industry plastics, which makes its production volume the largest of any
bioplastic. PLA is commonly available as a 3D printable filament in a myriad of colors. It
is one of the two common plastics used in molding manufacturing processes on Fused
Deposition Modeling (FDM) machines. ABS is the other common 3D printing plastic.
The material is mainly made through two different processes; condensation and
polymerization. The usual polymerization technique is known as ring-opening
polymerization, which is a process that uses metal catalysts in combined with lactic acid
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to produce the larger PLA molecules. Condensation process is similar with the main
difference being the temperature during the procedure and the condensates released as a
result of the reaction [37]. Some of the properties of PLA are shown in Table 4.2 below.
Table 4.2

Properties of PLA [37]

Property
Technical Name
Chemical Formula
Melt Temperature
Typical Injection Molding Temperature
Heat Deflection Temperature (HDT)
Tensile Strength
Flexural Strength
Specific Gravity

Value
Polylactic Acid (PLA)
(C3H4O2)n
157 - 170 °C (315 - 338 °F)
178 - 240 °C (353 - 464 °F)
49 - 52 °C (121 - 126 °F) at 0.46 MPa (66 PSI)
61 - 66 MPa (8840 - 9500 PSI)
48 - 110 MPa (6,950 - 16,000 PSI)
1.24

ABS is an amorphous polymer and opaque thermoplastic. The material has a
strong resistance to corrosive chemicals and physical impacts. Likewise, PLA, ABS is
easily machined, and particularly simple for 3D printing and relatively cost effective.
Therefore, ABS is being used in a huge number of applications. The material is very
structurally robust, which makes it used in things like protective housings, camera
housings and packaging. ABS is usually polymerized through the process of emulsion.
ABS is also made, although less commonly, by a process called continuous mass
polymerization. Generally, the most common methodology to create ABS is through
emulsion [38]. Some of the properties of ABS blends are shown in Table 4.3 below.
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Table 4.3

Properties of ABS [38]

Property
Technical Name
Chemical Formula
Glass Transition
Typical Injection Molding Temperature
Heat Deflection Temperature (HDT)
Tensile Strength
Flexural Strength
Specific Gravity

Value
Acrylonitrile butadiene styrene (ABS)
(C8H8)x· (C4H6)y·(C3H3N)z)
105 °C (221 °F)
204 - 238 °C (400 - 460 °F)
98 °C (208 °F) at 0.46 MPa (66 PSI)
46 MPa (6600 PSI)
74 MPa (10800 PSI)
1.06

The polymer HIPS can be manufactured and machined easily at low costs. It is
actually a blend of polystyrene and polybutadiene where the latter has a lower
concentration (2-8mol %), prepared in such a way that the substance possesses enhanced
impact properties. This is ensured by the polybutadiene introduced before the free radical
polymerization of styrene – the polybutadiene nodules are then compatibilised by
grafting of styrene units so that there is lower degradation of the product [39]. Properties
of the polymer are shown in Table 4.4.
Table 4.4

Properties of HIPS [40]

Property
Technical Name
Chemical Formula
Melt Temperature
Typical Injection Molding Temperature
Heat Deflection Temperature (HDT)
Tensile Strength
Flexural Strength
Specific Gravity

Value
High Impact Polystyrene (HIPS)
(C12H16)N
210-249 °C (410-480 °F)
38 - 66 °C (100 - 150 °F)
95 °C (284 °F) at 0.46 MPa (66 PSI)
53 MPa (7700 PSI)
83 MPa (12000 PSI)
1.04
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4.1.3

Results and Discussion
As discussed earlier, using a higher density material or increasing the thickness of

the shielding material are effective strategies when considering gamma ray shielding for
electronic equipment. Therefore, a series of experiments were performed in which each
of the materials was used in layers of increasing thickness so that the effective thickness
was increased.
The background radiation measured using the Geiger counter in the absence of
radiation source or shield is shown in Figure 4.5. The average count per minute (CPM)
for background radiation in this case was 13.

Figure 4.5

Background radiation with no source and no shield

The background radiation measured using the Geiger counter with a radiation
source but with no shield is shown in Figure 4.6. The average count per minute (CPM) in
this case was 451.
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Figure 4.6

Background radiation with source and no shield

Measured CPM values for four materials – ABS (black), PLA (blue), HIPS (red)
and

ABS+PLA (purple) – are shown in Figure 4.7. The shielding thickness of materials

was doubled each time from 2 mm to 4 mm to 8 mm to 16 mm. It can be observed that
each doubling of thickness reduces CPM – for example in case of ABS (black line) the
averaged CPM value decreased from 265 (2 mm) to 229 (4 mm) to 171 (8 mm).
Similarly, in the case of HIPS (red line) the averaged CPM value decreased from 276 (2
mm) to 215 (4 mm) to 166 (8 mm) to as low as 125 (16 mm, shown in the bottom panel).
The graphs also show considerable variations in CPM counts over time – in particular, a
spike in CPM for HIPS having thickness 2 mm (top panel), indicating ineffectual
shielding for that thickness.
However, the considerable overlapping of the black and blue lines in the top three
plots indicates that there is no significant difference between ABS and PLA. The bottom
graph only shows two materials – HIPS at 16 mm (red) and a combination of two sheets
of PLA and ABS of thickness 8 mm each (purple) because, as can be observed in the
graphs, although there is no practical difference in shielding ability between ABS and
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PLA there is some difference in the case of HIPS. It can be observed that increasing the
shielding thickness not only reduces CPM for all four materials but also decreases
fluctuations. This is desirable for electronic equipment, which may otherwise get
damaged from a single, randomly high exposure incident. Some of the variations in CPM
observed in these figures can be attributed to fluctuating background radiation events.

36

Figure 4.7

Values of CPM with elapsed time (in units of 103s) for four shielding
thickness values, top to bottom 2 mm, 4 mm, 8 mm, and 16 mm
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The effectiveness of aluminum as a shielding agent is shown in Figure 4.8. Two
different thicknesses are shown, 2 mm and 4 mm, depicted by light blue and dark blue
lines respectively. The average CPM for aluminum is lower than for the plastic materials
for equivalent thickness – 218 and 203 respectively – suggesting that it is a more
effective shielding agent when equivalent thicknesses are used. However, as observed in
Figure 4.7 earlier, HIPS and PLA have comparable effectiveness when thicker layers of
these materials are used. This suggested that HIPS and PLA, which are more flexible and
cost-effective, can be as good (or better) electronic shielding agent as aluminum if higher
thickness is used.

Figure 4.8

Values of CPM with elapsed time for aluminum at 2 mm (light blue) and 4
mm (dark blue) thickness

The effectiveness of all materials in the experiment is presented in Figure 4.9 in
terms of their R values, where R is the ratio of the average CPM for a given material of
given thickness and average CPM with no shield (R= CPMavg/CPM0). Therefore, R is a
measure of the effectiveness of the material having the specified thickness. A correction
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was also incorporated in the graph by subtracting the background radiation value of 13
(correction factor = CPMavg – 13) so that the effect of the shielding against Gamma rays
could be shown more clearly. A combination of ABS and PLA is shown because it was
earlier determined that this pair has a different shielding effectiveness than HIPS.

Figure 4.9

Effectiveness of different materials at different thickness levels, actual and
corrected

A comparison of the effectiveness of HIPS and a combination of PLA and ABS
against aluminum is presented in Figure 4.10, where it can be observed that aluminum is
more effective at 2 mm thickness. At 4 mm the plastics are comparable to aluminum.

39

Figure 4.10

Comparison of shielding effectiveness of aluminum, HIPS, and a
combination of PLA and ABS at different thickness levels

The R value calculations at different thickness levels for HIPS, aluminum and
PLA and ABS combined are shown in Table 4.5 below.
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Table 4.5

Calculation of R values and correction factors at different material
thickness levels

Materials

PLA

ABS

PLA+ABS

HIPS

ALUMINIUM

𝐶𝑃𝑀0

R

Effectiveness
R
Corrected

Thickness
(mm)

𝐶𝑃𝑀𝐴𝑣𝑔

2

261

248

0.58

0.57

43%

4

230

217

0.51

0.50

50%

8

161

148

0.36

0.34

66%

2

265

252

0.59

0.58

42%

4

229

216

0.51

0.49

51%

8

171

158

0.38

0.36

64%

2

263

250

0.58

0.57

43%

4

229.5

216.5

0.51

0.49

51%

8

166

153

0.37

0.35

65%

16

124

109

0.27

0.25

75%

2

276

263

0.61

0.60

40%

4

215

194

0.46

0.44

56%

8

166

153

0.37

0.35

65%

16

125

112

0.28

0.26

74%

2

-

205

-

0.47

53%

4

-

190

-

0.43

57%

451

438

𝐶𝑃𝑀𝐴𝑣𝑔
Corrected

In the above table a combination of ABS and PLA is indicated by averaging their
CPM counts. For example, for an 8 mm material thickness, the average CPM for ABS (8
mm) was 171 and that for PLA (8 mm) was 161, therefore, the average for the combined
material (8 mm) was (171+161)/2 = 166. Since the no shield average CPM was 451, the
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R value was R = 166/451 = 0.37, indicating that the combined material at 8 mm thickness
has an effectiveness of 63% in shielding gamma radiation.
However, this was the uncorrected effectiveness. The corrected average no-shield
CPM was 451 – 13 = 438, therefore, the corrected R value was Rc = (166 – 13)/438 =
0.35, indicating that the combined material at 8 mm thickness effectively reduces 65% of
incident gamma radiation. Other calculations are similar.
4.1.4

Conclusion
A series of experiments were conducted using different plastic materials at

different thickness levels to compare their effectiveness as shielding agents against
gamma radiation. Aluminum was the reference material since it is often used in radiation
shielding of sensitive electronic components. Results indicate that, although aluminum is
more effective at lower thickness of 2 mm, at higher thickness of 4 mm, the plastics
exhibit comparable performance. In particular, a combination of ABS and PLA was
shown to be 65% effective at a thickness of 8 mm and 75% effective at a thickness of 16
mm against gamma radiation, whereas aluminum was shown to be 53% effective at 2 mm
and 57% at 4 mm thickness. Considering these results, PLA at a thickness of 8 mm was
chosen as a shield for a high-altitude radiation test (4 mm was too thin and less effective,
while 16 mm was too heavy for the payload). Results from this experiment will be
discussed in the next chapter.
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4.2
4.2.1

High Altitude Balloon Experiment
Introduction
Cosmic rays are high energy extra-solar particles that bombard the earth travelling

at high velocities (often approaching the speed of light) producing secondary radiation
showers. Their energies range from few MeV to more than 1020 eV, but only cosmic rays
with energies below a few 10s of GeV are significantly affected by the heliosphere.
Because all cosmic rays carry an electrical charge, propagation of cosmic rays in the
heliosphere is controlled by their interaction with the interplanetary magnetic field. They
consist of primary protons and some electrons which react with the upper atmosphere to
create protons, and these in turn react with the nuclei of nitrogen atoms in the atmosphere
to produce 14C and a proton [41].
One of the interesting phenomena associated with cosmic rays is the terrestrial
gamma ray flash (TGF) that was first detected by the Compton Gamma Ray Observatory.
Continued observation of these flashes revealed that most of them are associated with
lightning discharges, but the relationship between TGFs and lightning storms is still
unclear [42]. The flashes have a short duration of 100-500 micro seconds (although some
longer than 1 ms have been observed), and it is speculated that they originate from
bremsstrahlung interactions of highly accelerated electrons with air that create high
energy gamma rays (also known as the relativistic runaway electron avalanche (RREA)
process. Monte Carlo simulations of TGFs have shown that their cumulative spectrum is
compatible with gamma-rays produced at15-21 km heights above sea level, an altitude
compatible with thunder cloud tops [43]. This is approximately the same altitude at which
the Pfotzer maximum occurs, which is the region where the highest quantity of ionizing
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radiation due to cosmic rays occurs. Ionization from cosmic rays reaches its maximum
value at altitudes between 17 and 24 km and it has been found to be dependent on
geomagnetic latitude [44]. Balloon measurements of charged particle fluxes (greater than
1 MeV) and ion production rates have, in addition, led to a discovery of a correlation
between the ratio of ion production rate (q) and the cosmic charged particle flux (J)
during days with no solar activity at some polar latitudes [45].
Because of the high energy nature of these events, it has become imperative to
find effective means of shielding electronic equipment that frequently flies at these
altitudes – for example aboard high altitude planes and balloons. With this objective, a
series of experiments were performed using a high altitude balloon in which the shielding
behavior of the polymer PLA at 8 mm thickness was observed at the edge of space. The
experiments had two primary objectives:
1) Test the shielding effectiveness of PLA (Polylactic Acid) material that was earlier
tested on ground using a gamma radiation source. The thickness of the shield is 8 mm
(Figure 4.11)
2) Better understand the effect of cosmic radiation fluctuations from the ground into the
mid-stratosphere including the Pfotzer maximum where direct observation is yet limited.
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Figure 4.11

4.2.2

PLA shielding (polylactic acid) with 8mm thickness

Methodology
A high-altitude weather balloon, inflated using compressed helium, was used to

launch a small payload consisting of assorted scientific equipment –two Geiger counters
(GCs) to record atmospheric radiation inside and outside the shield, a temperature sensor,
a pressure sensor, SD card, 3 Lithium polymer batteries, heating pads, and a Spot tracker.
There were also 3 computers programed using Arduino – one retrieving data from the
shielded GC, one retrieving data from the unshielded GC, and the main computer storing
all retrieved data to the SD card. The unshielded GC was covered with 8 mm of foam to
prevent it from getting wet, and previously it was ascertained that the foam did not
noticeably affect its performance. The purpose of this foam was only to protect the GC
without blocking any radiation; the other shielded GC did not require the foam cover
because the PLA shield itself protected it from environmental conditions. Care was taken
to place the heating pads around the area of the Geiger counter board without their
obstructing the GC tubes so that any inadvertent shielding from the pads could be
avoided. Both GCs were switched on and began counting while on ground approximately
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20 minutes prior to the flight. The computer was programmed to switch on the heating
pads when external temperature reached 0oC and switch them off at higher temperature.
The Spot Tracker was used to ascertain the location of the balloon upon landing
while a parachute was attached with the balloon to allow its soft landing. The entire
payload was designed in SolidWorks and 3D printed at the department of Aerospace
Engineering at Mississippi State University. Pictures of the payload are presented in
Figures (4.12 and 4.13).

Figure 4.12

Payload before launch
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Figure 4.12 (continued)
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Figure 4.13

Payload retrieved after landing

The balloon was launched on February the 16th 2017 at 11:00 am from North
Farm in Starkville, MS (33.4504° N, 88.8184° W) and the duration of the flight was
approximately 2 hours, with the balloon being chased after launch. Unfortunately, some
difficulties were experienced after landing due to which there was a delay of three days in
retrieving the payload. It was affected due to rain and bad weather during this period
which caused damage to the pressure sensor. Therefore, it was not possible to ascertain
the exact altitude of the balloon. In order to overcome this difficulty, an ascent rate of 235
m/min was assumed. This rate would result in attaining the Pfotzer maximum at about
the same altitude that other researchers have observed. The heavy payload meant that the
ascent rate was lower than the estimate provided by the manufacturer. Pictures of the
balloon before and after launch are presented in figures (4.14 and 4.15).
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Figure 4.14

Payload being launched
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Figure 4.15

4.2.3

Payload after landing

Results and Discussion
The optimal radiation shielding material and thickness were determined based on

the previous experiment. After comparing the effectiveness of aluminum and various
plastics, it was found that a combination of PLA and ABS with a thickness of 8 mm was
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65% effective against gamma radiation. This was higher than aluminum at 4 mm, which
was 57% effective under similar conditions. Considering the cost effectiveness of the
plastic and various other factors, such as its flexibility and possibility of sustainable
production, the combined plastic material showed promise. It was also observed that ABS
and PLA were similar in their effectiveness; in addition, ABS was not available in the
laboratory for 3D printing during the balloon experiment. Earlier it was found that PLA
at 8 mm thickness has a corrected R value 0.34, giving it an effectiveness of 66% against
gamma radiation. Therefore, it was decided to proceed with high altitude shielding
experiment with an 8 mm thickness of PLA. Results obtained from the experiment are
presented in figures 4.16 and 4.17.
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Shows several CPM as function of altitude
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The counts were obtained for the environment using an unshielded GC (red dots)
and the shielded GC (blue dots). The series of counts are also approximated using least
squares trend lines (6th order fits). The ascent rate, as mentioned earlier, was estimated to
be 235 m/min. It can be observed from Figure 4.16 that both trend lines show an upturn
above an altitude of 24000 m, but this is taken to be artifact of the fitting procedure. A
10-point running average was used, with the first five points being ignored (since these
were not available) and with the number of points per average being successively
adjusted at the end of the series. The results are broadly in line with literature, but
specific differences may be noted. For example, Carmichael-Coker [46] reported that the
highest CPM observed was 4158 at an altitude of 18.7 km, while for the present
experiment CPM increased to approximately 725-750 for the unshielded GC and to a
lower value of 650-675 at an altitude of approximately 21.5 km.
However, the shape of the curve reported by Carmichael-Coker over the entire
range of observations was similar, indicating that although there are individual
fluctuating events due to constant fluctuations in the magnetic field and other differences
in atmospheric parameters (temperature, airspeed, insolation), overall radiation profiles
are similar over a period of time. The shape of the curve reported by Carmichael-Coker is
shown in Figure 4.17 below, which is very similar to Figure 4.16.
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Figure 4.17

Values of CPM obtained over Stone Mountain State Park, NC [46]

Radiation modeling of the upper atmosphere carried out by Joyce et al. [47] using
several different approaches, also yielded comparable results. These authors analyzed the
upper atmosphere cosmic radiation environment obtained observationally using the
Cosmic Ray Telescope for the Effects of Radiation (CRaTER) module and theoretically
using the Badhwar-O’Neil model. Their atmospheric radiation measurements were
performed by instruments aboard high-altitude balloons. Knowing the radiation caused
by X-rays and gamma ray secondary’s that are emitted as a result of the interaction of the
penetrating cosmic rays with the Earth’s atmosphere allowed them to compare how
gamma and ionizing radiation varies at different latitudes. They found the Pfotzer
maximum to be occurring at a maximum elevation of 36 km while their plotted radiation
dose rate (in terms of μGy/hr) for zero atmospheric shielding, corresponding to the pure
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effect of the magnetosphere on the radiation level, fell below the zero atmospheric level
at an altitude of approximately 25 km.
Balloon flights into the atmospheric layer where the Pfotze rmaximum occurs are
also being regularly carried out by students of the Earth to Sky Calculus in order to better
understand the response of this layer to solar events such as massive flares and storms
[48]. Some of these experiments report a radiation level at the Pfotzer maximum that is
up to 100 times that on the ground, which is also borne out by the current project –
unshielded CPM values were approximately 10-30 on ground and 725-750 at a higher
altitude. Continuous monitoring has also shown large variations, particularly as a result of
solar storms occurring. More interestingly, observations also revealed significant spatial
variations – for example in one experiment it was found that the radiation levels over
New Hampshire are approximately 25% more than those above California, for similar
elevations [49]. The differences are shown in Figure 4.18 below.
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Figure 4.18

Atmospheric radiation levels carried out by students of the Earth
toCalculus at different latitudes over New Hampshire (+43 N) and
California (+37) [49, 50]

This indicates the necessity of many such high-altitude balloon flights, in order to
obtain more accurate spatial and temporal maps of the corresponding atmospheric layer at
latitudes throughout the world. Since the unshielded counts obtained in the present
project are somewhat lower, one reason may be that the ionosphere over Starkville,
Mississippi (+33 N) is less ionizing than that over California (+37 N) and New
Hampshire (+43) due to its lower latitude. On the other hand, the amount of ionization in
the upper atmosphere is believed to be increasing in general due to the current declining
phase of the sunspot cycle, which corresponds with an increase in cosmic radiation
levels. Balloon flights undertaken by the Earth to Sky Calculus participants indicate a
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13% increase in the level of cosmic rays impinging upon the upper atmosphere since
March 2015 because of a weakening of the solar magnetic shield.
A different study undertaken found a correlation between atmospheric density and
the muon flux (secondary particles that are generated along with neutrinos as a result of
nuclear interactions of primary cosmic rays with atmospheric components). It was
reported that cosmic rays variations due to both heliosphere differences, and different
thermodynamic processes occurring in the upper atmosphere, with barometric effects
being a major influence on the detected secondary particle flux [51]. These different
studies suggest that the somewhat low CPM count observed during the present project
may have resulted from several factors such as location, atmospheric parameters and
sunspot activities.
Another objective of the present project was to measure the shielding
effectiveness of the chosen material against gamma radiation, and this is explained in
Figure 4.19. This shows the observed differences between the unshielded and the
shielded CPM counts produced by the respective GCs as a function of altitude. It can be
observed that the highest values of the running average (10 point) of the difference
between the two counts (indicating highest efficiency of shielding) occur at higher
altitudes between 20 km and 24 km, although there are variations due to the expected
random nature of the radioactivity process. The running average remains near 0 till
approximately 20 km up (indicating no difference due to shielding) and then begins to
increase noticeably. This is rather encouraging because the altitude corresponding to
Pfotzer maximum is usually avoided by flights – commercial airplanes and other flights
usually fly below this altitude while satellites are positioned high above this altitude. The
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average difference over the entire range of observations was calculated as 6 CPM. The
root mean squared deviation between unshielded and shielded CPMs was also calculated
and was found to be 38. The average CPM of 6 was calculated using the formula:
1

(4.1)

𝐶𝑃𝑀𝑎𝑣𝑔 = 𝑛 ∑𝑛 (𝐶𝑃𝑀𝑒𝑛𝑣 − 𝐶𝑃𝑀𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 )
while the RMSD of 38 was calculated using the formula:
1

(4.2)

𝑅𝑀𝑆𝐷 = 𝑛 ∑𝑛 √(𝐶𝑃𝑀𝑒𝑛𝑣 − 𝐶𝑃𝑀𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 )2

This was a large figure, indicating effectiveness of the material as a shielding agent. An
earlier study of plastic materials with low Z numbers also observed their effective
attenuating behavior against gamma and X radiation, although these experiments were
conducted entirely at the ground level [36]. Therefore, it can be observed that the present
experiment may be novel in nature, but the results broadly conform to earlier findings.
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Based on the observations, further high altitude balloon flights should be
conducted to better understand the Pfotzer maximum layer, and the identified material
should be further tested under different scenarios as a potential commercial shielding
agent for electronic equipment flying at the edge of space.
4.3

Conclusion
High-energy cosmic rays give rise to a shower of secondary radiation and

particles when they interact with the upper layers of the earth’s atmosphere. The intensity
of this radiation depends on several factors such as solar activities, which determine the
number of impinging cosmic rays, and thermodynamic activities in the atmosphere that
affect parameters such as density and temperature at various altitude and latitude levels.
As a result, the layer with the highest amount of ionizing radiation, often called the
Pfotzer maximum layer, shows considerable variations over different latitudes and at
different times of the year. In order to better understand the behavior of this layer and
also to test the radiation shielding effectiveness of a PLA layer at 8 mm thickness, a high
altitude balloon was flown over Starkville, Mississippi. The balloon contained two GCs,
one unshielded and the other shielded. The maximum CPM count for both GCs during
this flight was observed at an approximate altitude of 21.5 km with some variations. It is
suggested that this may be the approximate location of the Pfotzer maximum layer at the
given latitude. In addition, the shielded GC showed lower CPM counts than the
unshielded one at higher altitudes (beyond approximately 20 km). This is encouraging
because commercial flights avoid flying at these levels due to high levels of radiation.
Therefore, considerable gains may be possible if the material is further studied and
developed as an effective shielding agent.
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CHAPTER V
CONCLUSION AND FUTURE WORK
A series of experiments were performed using aluminum, ABS and PLA on the
ground and in air in order to determine the effectiveness of the plastic materials as
alternate radiation shields. The ground experiments used different thicknesses of PLA,
ABS and HIPS materials while aluminum was used as the reference material. It was
found that the plastic materials did function reasonably well in blocking radiation,
although not as well as aluminum for the same thickness. Looked at another way, for the
same shielding effectiveness, the plastic must be thicker. This might actually be
beneficial since, again for the same shielding effectiveness, the plastic may be lighter
than the aluminum, while its greater thickness may make it a better structure.
The airborne experiment was performed with an 8 mm thickness of PLA which was
shown to have an effectiveness of 65% against gamma radiation. A small payload was
prepared consisting of two Geiger counters, one shielded and the other unshielded (but
covered with 8 mm of foam to prevent moisture deposition), and the whole was designed
in SolidWorks. A balloon with the payload was launched from Starkville and, apart from
landing in a tree, the experiment was conducted successfully. It was found that the
Pfotzer maximum layer at the given latitude was located at an approximate altitude of
21.5 km. The PLA shield was demonstrated to be effective in attenuating radiation from
cosmic rays, with a sufficiently large RMSD value of 38 between the shielded and the
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unshielded GCs. Considering the low cost and ease of fabrication of the material, when
compared with traditional high Z materials such as lead, aluminum or concrete, the
results were significant.
It should be noted, however, that there is as yet inadequate knowledge about the
location of the Pfotzer maximum layer at different locations around the world since not
many high altitude experiments have been carried out. Balloons have begun to be
launched at the required altitudes only recently, as part of experiments conducted by the
Earth to Sky Calculus project and other groups, as has been discussed in this report.
However, many more such experiments must be launched from different locations in
order to obtain a better idea of the spatial and temporal distribution of secondary cascade
radiation intensities at higher altitudes. As has been illustrated in this report, there are
significant variations of the Pfotzer layer at different latitudes while a number of factors,
including solar activity and atmospheric thermodynamics, affect the location of this layer.
More experiments have to be launched to properly understand the underlying mechanism
of cascade formation at height.
Another open area is the performing of molecular dynamics simulation to better
understand computationally the effect of radiation on polymers. Most substances undergo
degradation upon irradiation and this affects their effectiveness as radiation shields over
longer periods. Since commercial flights and satellites operate for extended durations in
hazardous environments and their sensitive electronic equipment are continually
subjected to high amounts of radiation, it is imperative that degradation, oxidation and
other effects on polymer materials be studied more thoroughly before they can be
developed for actual applications. This is especially important in light of the models
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developed by NASA and other agencies to describe primary cosmic ray bombardment on
the outer atmospheric layers [26]. There is a need for performing molecular simulations
in conjunction with these particle models.
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